Abstract: There has been a tremendous effort in modern microscopy towards miniaturisation and fibre-based technology, driven by the need to access hostile or difficult environments in situ and in vivo. Most of these rely on reducing the size of endoscopes based on fibre-optic bundles, and systems incorporating microfabricated lenses. Recently, the use of standard multimode optical fibres for lensless microscopy has become possible mainly due to advances in holographic beam shaping. This article reviews the methods and techniques behind this progress paving the way towards minimally invasive in vivo imaging as well as other applications of multimode waveguides including on-chip integration of optical micro-manipulation and numerous other biophotonics techniques.
Introduction
In various Bio-Medical settings, direct insight into organs, tissues or even individual cells is not available due to opaqueness of almost any living matter. In many applications of medical imaging, but also visual inspection in the industry, endoscopy represents the best approach towards providing minimally invasive optical access. In the 1950s, the development of flexible endoscopes consisting of bundles of optical fibres, so-called fibrescopes, represented a major breakthrough [1] , forming the basis of the technology of most commercially available flexible endoscopes up to the present day. Rapid progress in medicine and biomedical research, especially efforts to operate within the most sensitive living tissues without affecting their function however dictates further miniaturisation, which can no longer be satisfied with the technology of fibre bundles that rarely allow instrument footprint below 1 mm.
To allow further miniaturisation, new ideas outside the concept of fibre bundles have emerged. Several sophisticated approaches to convey images have employed a single-mode fibre in a scanning-tip geometry [2] . More recently, advances in wavefront control through highly scattering (or turbid) media using the methods of digital holography have opened the possibility of transferring images across a single multimode fibre (MMF). In the context of practical endoscopy, this technology offers a major reduction in the instrument footprint (in excess of two orders of magnitude) as well as increasing imaging resolution up to the diffraction limit. The following sections place this research effort in the context of emerging trends in Photonics, review the fundamental basis of this progression and outline the spectrum of possible applications.
Control of light propagation through turbid media
Transmitting images through a turbid medium has been one of the most startling progresses in Photonics in the last decade. Shortly after high-quality digital diffractive elements became available at the turn of the millennium, various approaches to control multiple light scattering have been developed [3] . They commonly employ spatial light modulators (SLMs) which manipulate the incident wavefront projected on the complex medium in order to achieve a desired output field distribution despite light distortion within the media due to scattering. These methods typically require a preceding "calibration" step -the acquisition of a transformation (or transmission) matrix (TM). Since scattering can be in the majority of cases considered as a linear process, the optical propagation within a scattering medium can be described in terms of a matrix of complex coefficients [4] . Arbitrarily complex incident and transmitted fields can be decomposed in sets of input and output orthogonal spatial modes, which are mutually related by the TM. This is schematically illustrated in Fig.  1 . With the knowledge of a TM corresponding to a specific medium one can simply calculate which phase and amplitude input distributions have to be provided in order to synthesise a desired light output. Separately, images transmitted through a turbid medium are typically transformed into an unrecognisable speckled pattern, but the original image can be recovered by deploying the TM [5] .
Although observations behind a turbid medium can be of practical interest in some applications, it is naturally much more desirable to achieve observations directly within the turbid environment itself; here however, one does not have access to direct observations of the output field. Feedback from within the turbid medium is therefore provided using solid, typically fluorescent particles, sometimes referred to as guide stars (due to their analogy from astronomical applications of adaptive optics) [6, 7, 8] . In practice, this leads to the requirement of having such particles in the area of interest. Moreover, this does not allow for a full measurement of the TM, since one only has access to a single output mode. In cases where one does not operate in completely diffusive regimes, the neighbouring components of the TM can be approximated up to an extent given by the so-called memory effect. In case the medium is reduced to a thin turbid layer the memory effect can be very large which, as shown recently, in turn allows imaging without any a priori feedback from the imaging plane [9, 10] . Powerful techniques to eliminate the need for solid particles have also been identified in the employment of ultrasonic encoding [11, 12] .
Imaging with multimode fibres
When light propagates within a multimode fibre, the incident optical field is projected onto numerous concurrent waveguide modes. Each of these travels with different propagation constants (or equivalently, different phase velocities), a process known as mode dispersion. Additionally, modes can couple to one another by exchanging energy due to bending or looping of the fibre, as well as to With the knowledge of the transmission matrix (TM) of the fibre, one can spatially modulate the wavefront at the proximal end such that the optical field is tightly focused at a certain working distance from the distal fibre facet, producing an aberration-free diffraction limited spot. b Wide-field imaging through a MMF. Once the TM of the MMF has been determined, the optical field at a given distance from the distal end of the fibre can be retrieved from the speckled pattern originated at the proximal end.
the presence of impurities and inhomogeneities within the fibre; this is known as mode mixing. Both processes concur to distort the original wavefront, and upon propagation of just a few hundreds of micrometres the resulting output field is a complex speckled pattern with little or no resemblance to the initial field distribution. Although relying on different physical mechanisms, the apparently randomising nature of light propagation in MMFs is thus somewhat analogous to transmission through turbid media. When it comes to bio-medical imaging applications, one may therefore ask where is the advantage in employing a random medium inside another. The major advantage is in the access to all output modes -the TM of the optical fibre can be acquired prior to its application, with direct optical access to the distal end of the instrument. Hence, past the calibration step, we are inserting a known random medium into an unknown one, which not only can rapidly vary with time, but also have much higher dimensions of TM. One can see this approach as an alternative that, although not completely non-invasive, obviates the necessity to provide a form of a guide star and can be used arbitrarily deep within scattering tissues even when no memory effect is available. Analogies of the feedback algorithms mentioned above [14, 15, 16] , the transformation matrix acquisition [13, 17] , as well as the principles of digital phase conjugation [18, 19] have been successfully exploited to perform beam-shaping and imaging through MMFs. Fluorescent imaging [15, 13, 19] and micro-manipulation [16, 15] can be performed by scanning a focused spot at the distal end of the MMF, as schematically illustrated in Fig. 2a . Scannerfree wide-field imaging has also been demonstrated. Here the acquired TM is used to retrieve the optical field at the distal fibre facet from the speckled pattern, either by physical inversion of the TM using a SLM [13] or by numerical post-processing [17] , as depicted in Fig. 2b . Figure 3 shows reconstructed images transmitted through a MMF exploiting common imaging modalities in microscopy. The recent past has witnessed a real acceleration of these possibilities. Most of the methods above have only been demonstrated using narrow-band laser light. This, unfortunately, stands in the way of introducing advanced methods of microscopy based on multi-photon excitation. In the pulsed regime, both the material and modal dispersions broaden the pulse in the time domain. A recent study by Morales-Delgado et al. however shows that purely spatial encoding can be used to optimise both the spatial and temporal domains. The authors were able to deliver focused sub-picosecond pulses through a 300 mm-long fibre, demonstrating two-photon absorption through the MMF [20] . Papadopoulos et al. demonstrated focusing beyond the diffraction limit of the MMF by placing a diffusive medium in the distal end of the MMF, which increases the effective numerical aperture (NA) of the system [21] . Another approach to increase the imaging resolution in MMFs consists in illuminating the object with a sequence of random intensity patterns and reconstructing the image using a linear optimisation algorithm [22] . This technique demonstrated a two-fold increase in resolution compared to localised sampling. . c Reconstructed image transmitted through a bent MMF using the TM of the straight fibre (left) and the TM predicted theoretically for the curved fibre (right) [26] .
The generation of the digital holograms is computationally demanding, and typically limits operation to precalculated holograms. Additionally, the latency in communication between the detector, the computer, and the SLM, prevents proper synchronous operation of the hardware at the maximum possible speed. The use of digital micromirror devices (DMDs) comprises a fast alternative compared to SLMs, since they can be operated at higher refresh rates, especially if combined with hardware implementation of the algorithms using a field programmable gate array (FPGA) [23] . Similarly, using the graphics processing unit (GPU) of a computer to perform the hologram calculation was also shown to improve speed up to two orders of magnitude, allowing for real-time image control through a MMF at video rates [24, 25] .
For several years, the most significant criticism of these approaches has been seen in the necessity to perform imaging in rigid geometries. Any deformations of the fibre, such as those introduced by bending or looping, modify the TM of the fibre which can severely deteriorate the image retrieved, as illustrated in the left panel of Fig.  4c . Real-time measurement of the TM has been used to dynamically compensate for the fibre bending [23] . Another approach was based on a virtual coherent source serving as a beacon, by recording a permanent hologram in the distal tip of the fibre [27] .
A radically new alternative in treating multimode waveguides with possible solution to the major bending issue fibre was introduced by Plöchner et al. recently [26] . Unlike other diffusive media consisting of highly disordered scatterers, optical fibres are actually homogeneous media featuring a remarkable cylindrical symmetry. Using an advanced theoretical description of light propagation and highly precise experimental methods, the authors have demonstrated that MMFs are in fact highly predictable systems. They could experimentally confirm the existence of propagation-invariant modes (PIMs) conserved upon propagation over distances as long as 300 mm, as shown in Fig. 4a . Further, they have demonstrated the possibility to perform imaging with a TM predicted theoretically (see Fig. 4b ), thus completely eliminating the need for the empirical acquisition of the TM. Such achievements also facilitated a detailed study of the influence of fibre bending, which introduced a major simplification of the problem and allowed the authors to perform imaging using the predicted TM in significantly deformed fibres with curvature reaching their long-term damage threshold, as shown in Fig. 4c. 
Conclusions and outlook
The recent progress in the field of holographic beam shaping and complex photonics enabled a rapid development of applications in modern microscopy. This, combined with technology of fibre optics, now paves the way for a new era of miniaturised micro-endoscopic probes with minimal footprint for in situ and in vivo applications within the near future. Several imaging modalities requiring no focussing elements at the distal tip of the multimode fibre have already been demonstrated, and we are currently witnessing a rapid progress in achieving ever higher resolution, employment of multi-photon excitation, acceleration of computational speed, and strategies towards dynamic operation. We believe there are no further fundamental constraints for in vivo implementation of these fascinating possibilities and, in a not too distant future, we might see numerous exciting applications such as first observations in deep regions of brain tissues in awake and unrestrained animal models.
